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Abstract 
Caprock quality is crucial when wanting to evaluate the storage potential of a reservoir. The objective of this study is 
to evaluate the quality of the primary and secondary seal in case of CO2 storage in sandstones form the Mid to Late 
Jurassic in the Norwegian North Sea. These seals are composed respectively of Lower Cretaceous and Upper Jurassic 
shales for the primary, and from the three Cenozoic groups (Nordland, Hordaland and Rogaland) for the secondary. 
 
The primary seal is in general of sufficient thickness according to the recommendations from the Norwegian 
Petroleum Directorate (over 50 meters), except in a thin North-South corridor to the West of the platform, in the inner 
part of the grabens. This seal is brittle in the entire study area due to a deep burial depth. The only area where it could 
be ductile is to the North of the Utsira High, which is due to a warmer geothermal gradient but also possibly the 
movement of a basement fault beneath. Since its rheology is brittle, the primary seal could be breached during fault 
movements. To ensure its efficiency, it is thus important to evaluate the properties of the faults from this area that 
have a direction less than 30 ° away from the regional maximum horizontal stress (ENE-WSW) 
 
The secondary seal is much shallower and therefore has a ductile rheology which makes it less affected by fault 
movements. This is due to the nature of ductile deformation which creates less conductive faults that have self-
healing properties. The thickness is also at least 500 meters close to the shore, but most commonly between 1000 and 
2000 meters. These properties make it a high quality secondary seal, as has been demonstrated by the successful 
Sleipner storage site in the Utsira sands that are sealed by Nordland shales. 
 
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction 
Fluid migration through caprocks is a crucial process when it comes to evaluating their sealing capacity 
for underground CO2 storage. With storage plans in Mid-Jurassic sands in mind (Fig. 1,2), the objective of 
this work is to identify areas in the Norwegian North Sea where the caprock overburden is of good enough 
quality to ensure a good sealing of these reservoirs. The primary seal is located over the targeted reservoir 
and below the chalks of the Shetland Group (Upper Cretaceous), and is composed by the shale formations 
of the Lower Cretaceous (Cromer Knoll Group) and Upper Jurassic (Fig. 1). The groups of the Upper 
Jurassic have different names depending on their geographical situation: the Viking Group in the Horda 
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Platform/Viking Graben area (Draupne and Heather Formation), the Tyne Group in the Central Graben 
(Farsund, Haugesund and Mandal Formation) and the Boknfjord Group in the Norwegian-Danish Basin 
(Egersund, Flekkefjord, Sauda and Tau Formation). The secondary seal is composed of the three
Cenozoic groups: Nordland, Hordaland and Rogaland.
Fig. 1. Lithostratigraphy of the Danish and Norwegian parts of the North Sea (shales in gray, sands in yellow, limestones in light 
blue)
There are several processes that can lead to the upward migration of fluids in sedimentary basins, and
this study focuses on fluid migration through geological formations via large scale faults and/or 
microcracks. While large scale faults can be easily located on seismic data, their properties are more
difficult to assess. Faults can be either be good seals, allow flow through them or along them. This feature
will depend on the lithology of the formations that are cut by the fault, the fluid pressures, the overburden
stress, but also on their geomechanical properties.
The objective of this work is to try to draw information on the formation geomechanical properties
from a set of composite logs (ultrasonic velocities, gamma ray, density and resistivity). Around a hundred
wells from the Norwegian Continental Shelf as well as around thirty from the Danish Continental Shelf 
have been used in this study. The logs from the Norwegian wells are obtained from the Norwegian 
Petroleum Directorate [1], and the information from the Danish wells is obtained from Nielsen and Japsen
[2].
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Fig. 2. Top depth of the target reservoirs 
2. Theoretical background 
First CO2 could diffuse into these low permeability formations. Experimental investigations have 
evaluated that this migration mechanism would be the most efficient for seal permeabilities below 1 pD 
(10-24 m2) [3]. A good evaluation of the sealing efficiency towards diffusion would be to use the 
distribution and thickness maps of these caprock formations. Since we assume in this case no flow would 
occur due to local defects in the formation (conductive faults, high permeability zones like sand 
knowledge, only one example of CO2 diffusion through a caprock in a natural system has been 
documented. Lu et al. [4] showed that in the Miller oil field, offshore Scotland in the North Sea, CO2 
penetrated by diffusion only 12 meters during 70-80 million years into the shale caprock which is now 
buried to about four kilometer depth. 
 
Then let us address the problem of the microcracks and flow. They should not present a safety risk as 
long as the pore pressure is kept low enough. Only a pore pressure higher or close to the minimal 
horizontal stress would widen the cracks aperture and cause a flow through them. This would only occur 
in case of an inadequate injection rate. Even in this situation, a simple decrease in the injection rate would 
make the pore pressure gradually decrease as CO2 escapes through the microfractures in the caprock. The 
restore the cap rock integrity. The biggest threats to the caprock integrity would come from the faults [5]. 
Faults that are mechanically active are hydraulically active. So once the local stresses have been identified 
(mostly E-W, NW-SE in the Northern part of the studied sector) [6,7], the hydraulically active faults are 
those that are critically stressed, those with less than 30 degrees difference with the direction of the 
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maximum horizontal stress. The ability of a rock to create faults or microcracks under stress is called 
brittleness. The more brittle the rock, the more fluid-conductive the cracks. For clastic rocks, brittleness 
increases with depth due to the effect of diagenesis, and it is commonly admitted that the transition from 
ductile to brittle deformation occurs when cementation starts [8]. 
 
Compaction, whether mechanical or chemical, stiffens the rock by strengthening the grain contacts 
and/or cementing them. This increases the ultrasonic velocity through the rock. The depth at which the 
transition between mechanical and chemical compaction occurs, together with the geothermal gradient, 
help us to separate areas where these identified shales have a ductile rheology (softer rock, self healing 
low-conductivity cracks) from those where stiffening by secondary quartz cementation yields a brittle 
rheology (stronger rock, high-conductivity cracks). This cementation is due to the release of quartz when 
the illitization of smectite starts at around 70-80 °C, up to around 95 °C [9]. In the North Sea the 
geothermal gradient is around 35 °C/km, which should locate the transition at around 2000 m below sea 
floor, which would be around 2100 m in the logs taking water depth into account.  
 
This transition is recognizable in composite logs due to a progressive increase in seismic velocity from 
the depth where cementation starts (Fig; 3). For the ease of identification, the ratio of the seismic velocity 
over depth has been used together with the composite logs. This ratio represents the evolution of the 
seismic velocity as a function of depth. Since two different compaction mechanisms govern the 
mechanical and the chemical compaction, two different trends should appear on the log of this ratio. In the 
case of the studied area, these two trends are respectively a logarithmic-like decrease for the mechanical 
compaction and a constant value for the chemical compaction. This constant depends mostly on lithology, 
but also on other parameters like fluid pressure and organic content. The use of this ratio is consistent for 
the studied area but more work is needed to validate it in other basins. The transition has been noted for 
all the studied wells, and reported in Figure 4. 
3. Discussion 
The first step is to create isopach maps of the two sets of seals that have been initially identified. Then, in 
areas where the thickness is less than fifty meters, which is identified as critically low by the Norwegian 
Petroleum Department recommendations [10], precise studies concerning the caprock geomechanical 
properties will be performed.  
3.1. Seal thickness 
From a first order analysis of the seal thickness (Fig. 5) we can see areas where the thickness is so 
small that any storage in these areas should not consider having these Mesozoic shales as caprocks. These 
are located along the marginal platform high that are located west of the basins forming the platform 
(Horda Platform, Stord Basin, Fig. 6). As seen earlier, CO2 could diffuse through the caprock up to the 
carbonates of the Shetland Group located above the studied shales. The thickness increases progressively 
to the West and South-West, following the directions of the grabens. Figure 2 shows the depth of the top 
of the mid-Jurassic sands that are expected to be CO2 reservoirs for a storage site. In most of the studied 
area it lies below the 2100 m depth, which is the expected transition depth from ductile to brittle. This 
means that in most of the areas, except the part that is the closest to the shore, the bottom of the seal is 
brittle. This causes some sealing issues with the faults in the area that are critically stressed (Fig. 7) [5]. A 
more detailed study of the faults in the selected area will have to be conducted before validating the play, 
in a similar manner that what has been done for example by Bretan et al. [11]. To know how much of 
these seals exactly are brittle, it is necessary to learn where the mechanical transition does occur. 
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Fig. 3(a). Logs of seismic velocity and seismic velocity-depth ratio for well 31/3-1. This well has an estimated depth of change 
of compaction mode around 1300 m (around 900 m below sea floor) 
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Fig. 3(b). Logs of seismic velocity and seismic velocity-depth ratio for well 30/3-9. This well has an estimated depth of change
of compaction mode around 1900 m (around 1700 m below sea floor)
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Fig. 4. Depth of the start of the cementation process in sediments for the studied wells. Data points are reported, and the regional 
map is drawn from interpolation. The red contour lines represent the isotherm of the start of the cementation process. The blue lines 
represent the estimated amount of uplift inherited from the Cenozoic uplift from Southern Norway, adapted from [12]. 
 
3.2. Rheology transition 
Figure 4 shows the depths at which the transition has been observed on the velocity logs. In all the 
wells this transition occurs above the Mesozoic shales, most of the time in the Cenozoic shales 
(Hordaland or Rogaland Group) and occasionally in the Shetland Group (Upper Cretaceous, mostly 
chalk). After obtaining the geothermal gradient at each well, it has been possible to calculate what the 
current temperature at this transition all over the basin is. The result is plotted as contour lines on Figure 
4. While most of the temperatures are between 60°C and 80°C, two areas show a lower temperature 
which are a probable indication of a local uplift after the cementation: the Troll area in the North-eastern 
part of the study region, whose uplift is related to the main uplift of Southern onshore Norway in the mid-
late Cenozoic (blue lines, Fig. 4); and the North of Utsira High. This basement high has arguably a 
warmer geothermal gradient which causes a shallower compaction mechanism transition, but even 
considering it a current temperature of 50°C is quite low. This may indicate some uplift in the region, 
possibly related to the movement of deep rooted fault indicated at the sides of the marginal high on Figure 
6 (below the blue line). 
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Fig. 5. (a) Isopach of the primary seal, the Lower Cretaceous-Upper Jurassic shale formations (left hand side) (b) Isopach of the 
secondary seal, the Cenozoic shales groups (Nordland, Hordaland, Rogaland) (right hand side) 
 
Fig. 6. Structural cross section of the Norwegian sector of the North Sea (from [13]) 
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Fig. 7. Major faults in the Norwegian North Sea (from NPD). The faults with a direction close to the direction of the maximum 
horizontal stress have been highlighted in red. 
 
 
4. Conclusion 
The Mesozoic potential seal (Lower Cretaceous-Upper Jurassic) would be the primary seal in the case 
of storage in the Mid-Jurassic sands, the seal directly on top of it. The thickness of this seal is generally 
sufficient according to the NPD recommendations for CO2 storage seals (50 m according to the NPD 
[10]). The only thinner area is the North-South corridor consisting of the basement high located west of 
the platform (Fig. 5, 6). In most of the North Sea, except a small area close to the shore around the Troll 
field, their rheology is brittle due to deep burial depth. This means that to make sure that the sites are safe, 
it is needed to study more precisely the properties of the faults that are oriented in a direction less than 
around 30° from the regional stress. 
 
The Cenozoic shale succession (Nordland, Rogaland, and Hordaland Groups) would be the secondary 
seal for the selected reservoirs. The quality of these formations as seals has already been proven with the 
success of the storage at Sleipner in the Utsira sand, where shales from the Nordland Group form an 
excellent seal. The thickness of this seal is always sufficient according to the NPD requirements and is 
generally comprised between 1000 and 2000 meters. Most of it has a ductile behaviour due to their 
shallow burial depth which would make their sealing properties less altered by fault movements. The 
4862   Matthieu Angeli et al. /  Energy Procedia  37 ( 2013 )  4853 – 4862 
transition from mechanical to chemical compaction occurs almost most of the time within these groups 
meaning that the bottom part of the seal would behave in a brittle way.  
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